Introduction {#s1}
============

Tumor suppressor and oncogenic pathways function in part by subverting existing cellular programs to promote cancer 'hallmark' properties that engender malignant growth ([@bib19]). This corruption of normal cellular physiology is mediated by aberrant activities of these tumorigenic pathways, which are predominantly driven by genetic mutation. Importantly, genetic mutation is not the sole source of this dysregulation, as changes in gene expression via promoter methylation or protein turnover can phenotypically resemble driver mutations and contribute to tumorigenesis ([@bib13]; [@bib22]; [@bib58]; [@bib59]; [@bib62]; [@bib64]; [@bib77]). While these broad regulatory processes have been linked to cancer, the underlying molecular mechanisms that regulate expression of key components of tumorigenic pathways are very poorly characterized.

*VHL* is a key tumor suppressor that is mutated in Von Hippel-Landau disease, a hereditary cancer predisposition syndrome that often manifests as clear-cell renal carcinoma (ccRCC) ([@bib8]; [@bib16]; [@bib32]; [@bib46]). VHL functions by binding to HIF1α and hydroxylated Akt and modulating their degradation and activity, respectively. Mutant forms of *VHL* associated with ccRCC are incapable of binding HIF1α or pAkt, resulting in stabilized expression and activation of these proteins, which ultimately facilitates tumorigenesis ([@bib17]; [@bib23]; [@bib24]; [@bib47]; [@bib50]; [@bib54]). While dysregulated HIF1α and pAkt are associated with most forms of cancer, mutations in VHL are found predominately in ccRCC. This dichotomy suggests that additional regulatory mechanisms oversee VHL dysregulation or inactivation in other malignancies. Indeed recent studies in glioma have shown that ID2 can interfere with VHL activity in cell lines ([@bib37]) and that it's subject to regulation by microRNAs ([@bib40]). Nevertheless, the upstream mechanisms that directly regulate *VHL* expression and protein turnover in cancer remain poorly defined.

One potential mode of tumor suppressor gene regulation is through developmental mechanisms. Developmental processes directly contribute to all forms of malignancy and are utilized by tumorigenic pathways to maintain cells in an undifferentiated and proliferative state ([@bib25]; [@bib30]; [@bib65]). Given these established molecular and functional interactions, it stands to reason that expression of tumorigenic pathways may be reciprocally regulated by developmental mechanisms. However, whether such reciprocal regulation of tumor suppressor pathways by developmental factors contributes to tumorigenesis is poorly defined.

To investigate the interface between developmental programs and the regulation of tumor suppressor pathways, we used malignant glioma as a model system. As a molecular entry point for these studies, we focused on Daam2, a key developmental regulator that suppresses glial differentiation and also contributes to dorsal patterning in the developing CNS ([@bib35]; [@bib36]). Here we found that Daam2 promotes tumorigenesis in mouse and human models of malignant glioma. Bioinformatics analysis revealed that Daam2 and VHL expression is inversely correlated across a host of human malignancies. These in silico observations are corroborated by in vivo functional studies, which revealed that Daam2 promotes tumorigenesis by suppressing VHL expression. Mechanistically, we found that Daam2 associates with VHL and facilitates its degradation by the ubiquitin pathway. Together, these studies represent the initial characterization of Daam2 function in glioma and define, for the first time, an upstream regulatory mechanism that controls VHL protein expression in cancer. Moreover, because mutations in VHL are restricted to a limited set of malignancies, we have identified a new mechanism for VHL inactivation in tumors that do not have inactivating mutations.

Results {#s2}
=======

Daam2 is expressed in human and mouse glioma {#s2-1}
--------------------------------------------

Previously, we identified Daam2 as a component of the Wnt receptor complex that directly contributes to dorsal patterning in the embryonic spinal cord and oligodendrocyte differentiation during development and after injury ([@bib35]; [@bib36]). To further explore its role in neurological diseases, we sought to investigate its role in malignancies of the CNS. Towards this we took advantage of the TCGA pan-cancer expression data set ([@bib2]; [@bib71]) and evaluated Daam2 expression across a spectrum of 34 malignancies, finding that it's most highly expressed in low-grade glioma (LGG) and glioblastoma multiforme (GBM) ([Figure 1A](#fig1){ref-type="fig"}).

![Daam2 is expressed in human glioma.\
(**A**) Analysis of Daam2 RNA expression across a spectrum of cancers. Data was generated by TCGA Research Network and is publicly available (see methods). Box plots represent 5%, 25%, 50%, 75%, and 95%. Asterisk denotes tumor groups significantly higher (red) or lower (blue) as compared to corresponding non-tumor ('normal') group. P-values were generated by t-test on log-transformed data. (**B**) Examples of pathological grading of in situ hybridization analysis of Daam2 expression in human glioma tissue microarrays. Note that a score of 0 demonstrates no expression, while a score of 3 denotes very high expression. (**C**) Graded pathological scoring (0-low intensity, 3-high intensity) of Daam2 expression in the samples in B; values are the percentage of LGG and GBM tumors from the tissue microarray that were assigned respective score. (**D**) Immunohistochemistry analysis of Daam2-LacZ expression in mouse glioma generated in Daam2^LacZ/+^ mice.](elife-31926-fig1){#fig1}

To validate DAAM2 expression in human LGG and GBM, we used in situ hybridization (ISH) across a cohort of 35 LGG and 40 GBM primary human samples, finding that DAAM2 demonstrates heterogeneous expression within each glioma sub-type ([Figure 1B--C](#fig1){ref-type="fig"}; [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Notably, the majority of tumors exhibited staining intensity scores that exceeded normal brain samples, indicating that Daam2 expression is elevated within glioma tumors. In addition, we assessed DAAM2 expression via qRT-PCR in primary human glioma samples and non-tumor white matter, and consistent with the tissue microarray data, we found that Daam2 expression is elevated in a majority of these primary samples ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Next, we evaluated Daam2 expression in our mouse model of malignant glioma, where we combine in utero electroporation (IUE), with CRISPR-mediated deletion of *Nf1*, *Pten*, and *Trp53* (herein CRISPR/IUE) ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) ([@bib7]; [@bib9]; [@bib10]; [@bib11]; [@bib27]). This model closely resembles the genetics of GBM ([@bib4]; [@bib34]; [@bib74]) and begins producing tumors detectable around post-natal week 8. Combining this model, with our the Daam2-LacZ mouse line, we performed immunostaining on the resultant tumors, finding that Daam2 exhibits elevated expression levels in tumors, compared to normal brain tissue ([Figure 1D](#fig1){ref-type="fig"}; [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Finally, we evaluated Daam2 expression in xenograft tumors generated from primary human GBM cell lines, finding that Daam2 is also highly expressed in these human cell line models ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Put together, these studies indicate that Daam2 expression is elevated in both human LGG and GBM and is expressed in the associated model systems.

Overexpression of Daam2 accelerates glioma tumorigenesis {#s2-2}
--------------------------------------------------------

The expression analysis in human glioma and associated mouse models led us to examine whether Daam2 contributes to glioma tumorigenesis. To assess its role in glioma, we performed overexpression, gain-of-function (GOF) studies in human GBM cell lines, finding that Daam2 accelerates the rate of cell growth in vitro ([Figure 2A--B,F](#fig2){ref-type="fig"}). Next, we determined how Daam2 influences anchorage independent growth, via soft agar assay, finding that it also accelerates colony formation ([Figure 2C--E](#fig2){ref-type="fig"}). Together, these in vitro studies, indicate that Daam2 promotes cell proliferation and growth in human GBM cell lines

![Daam2 accelerates glioma tumorigenesis.\
(**A--B**) Cell proliferation analysis of human GBM1 and GBM2 cell lines infected with lentivirus containing Daam2 or GFP control. (**C--D**) Soft agar assay with GBM1 cell line infected with lentivirus containing Daam2 or GFP control, images are representative. Each of these in vitro experiments was performed in triplicate and replicated three times; quantification is in E, \*\*p=0.036. (**F**) Representative immuoblots showing ectopic expression of flag-tagged Daam2 in GBM-1 cell line. (**G--I**) Representative bioluminescence imaging of mice bearing CRISPR-IUE glioma with Daam2 overexpression or control, imaged at 7 weeks of age. Imaging quantification in I is derived from 7 Daam2-overexpression and eight control mice; \*p=0.0079. (**J--L**) Immunohistochemistry analysis of BrdU expression from mice bearing CRISPR-IUE glioma from each experimental condition. Relative number of BrdU expressing cells is quantified in L and is derived from six total mice, four slides per mouse, from each experimental condition; \*\*\*p=0.0019. Scale bar in J is 50 nm. Error bars in E, I and L are ± SEM.](elife-31926-fig2){#fig2}

To evaluate the role of Daam2 in tumorigenesis, we turned to mouse models of malignant glioma. The first model combines targeted PiggyBac overexpression of oncogenic Ras-V12 (PB-Ras) in glial precursors with IUE, to generate malignant glioma in mice around post-natal day 14 ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Combining PiggyBac-mediated overexpression of Daam2 with this Ras-driven model resulted in an acceleration of tumorigenesis ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). To further substantiate these findings in additional mouse models, we next used our CRISPR/IUE model ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Consistent with the Ras model, combined overexpression of Daam2 in the CRISPR/IUE model, also resulted in accelerated tumorigenesis ([Figure 2G--I](#fig2){ref-type="fig"}). BrdU labeling analysis of the resulting tumors from both models revealed that overexpression of Daam2 results in an increase in the number BrdU-expressing cells ([Figure 2J--L](#fig2){ref-type="fig"}; [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). These data, combined with our in vitro studies, indicate that overexpression of Daam2 promotes glioma cell proliferation and tumorigenesis.

Loss of Daam2 impairs glioma tumorigenesis {#s2-3}
------------------------------------------

To further delineate the role of Daam2 in glioma, we next performed a series of complementary loss-of-function (LOF) studies in human and mouse glioma models. In human GBM cell lines we performed shRNAi-mediated knockdown of human Daam2, finding that decreased expression of Daam2 inhibited their rate of growth in vitro ([Figure 3A--B](#fig3){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Next, we assessed the tumorigenic potential of these GBM cell lines, finding that knockdown of Daam2 resulted in a significant decrease in tumor growth in vivo ([Figure 3C--E](#fig3){ref-type="fig"}). These knockdown studies across both in vitro and in vivo systems, complement the overexpression studies, and further substantiate the role of Daam2 in glioma cell proliferation and tumorigenesis.

![Loss of Daam2 suppresses glioma tumorigenesis.\
(**A**) qRT-PCR demonstrating effective knockdown of human Daam2 mRNA expression in human GBM1 cell line infected with lentivirus containing Daam2-shRNAi or scrambled control. (**B**) Cell proliferation analysis of human GBM1 cell line infected with human Daam2-shRNAi or scrambled control lentivirus. (**C--E**) Representative bioluminescence imaging of mice transplanted with GBM1 cell lines transfected with Daam2-shRNAi or scrambled control, imaged 6 weeks post-transplantation. Imaging quantification is derived from seven mice transplanted with GBM1/Daam2-shRNAi and 5 GBM1/scrambled controls; \*p=0.0325. (**F--H**) Representative bioluminescence imaging of mice bearing CRISPR-IUE glioma generated in *Daam2 ±* or *Daam2-/-* mice, imaged at 8 weeks of age. Imaging quantification is derived from 8 *Daam2-/-* and 9 *Daam2 ±* mice; \*\*p=0.0049. (**I--K**) Immunohistochemistry analysis of BrdU expression from mice bearing CRISPR-IUE glioma from each experimental condition. Relative number of BrdU expressing cells is quantified in K and is derived from six total mice, four slides per mouse, from each experimental condition; \*\*\*\*p=0.00001. Scale bar in I is 50 nm. Error bars in E, H and K are ± SEM.](elife-31926-fig3){#fig3}

To further evaluate the necessity for Daam2 in glioma tumorigenesis, we used CRISPR/IUE model to generate malignant glioma in *Daam2^+/-^* and *Daam2^−/−^* mice ([@bib35]). As shown in [Figure 3F--H](#fig3){ref-type="fig"}, mice lacking Daam2 demonstrated decreased rates of tumor formation in this model compared to the heterozygote control. Moreover, BrdU labeling revealed substantial decreases in the number of proliferating cells in *Daam2^−/−^* tumors ([Figure 3I--K](#fig3){ref-type="fig"}). Together, our LOF, and complementing GOF ([Figure 2](#fig2){ref-type="fig"}) studies in human and mouse models of glioma indicate that Daam2 promotes cell proliferation and tumorigenesis.

Daam2 suppresses VHL expression {#s2-4}
-------------------------------

Having established that Daam2 functions to promote glioma tumorigenesis, we next sought to uncover the mechanism by which it operates. Previously, we found that Daam2 functions as a positive regulator of Wnt-signaling in the developing CNS ([@bib36]), suggesting that it may also function in this manner in glioma. To evaluate Wnt-activity we used an established Wnt-reporter (TOP-FLASH) and found that modulation of Daam2 expression has a modest effect on Wnt activity in glioma cell lines and did not impact Wnt activity in our mouse model of glioma ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).

That Wnt-activity is not affected by changes in Daam2 expression raises the question of how Daam2 promotes glioma tumorigenesis. To identify changes in protein expression associated with Daam2-mediated tumorigenesis we performed reverse phase protein lysate microarray (RPPA) on FACS-isolated mouse glioma samples that overexpress Daam2. Analysis revealed a cohort of proteins that are strongly downregulated in glioma samples that overexpress Daam2 ([Figure 4A](#fig4){ref-type="fig"}; [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}; [Supplementary file 1](#supp1){ref-type="supplementary-material"}). To further substantiate these potential relationships, we leveraged existing TCGA RNA-Seq and RPPA data to determine whether there is an inverse correlation between Daam2 expression and this cohort of proteins across a spectrum of human malignancies ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). This analysis identified von Hippel Landau (VHL) as one of the proteins from this cohort with the most significant inverse correlation score across this spectrum of malignancies, with lung adenocarcinoma and GBM demonstrating the strongest negative correlations between Daam2 and VHL ([Figure 4B](#fig4){ref-type="fig"}; [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}).

![Daam2 suppresses VHL expression.\
(**A**) Heatmap analysis of RPPA data showing the core cohort of proteins downregulated by overexpression of Daam2 in the PB-Ras mouse glioma model. (**B**) Correlation of Daam2 mRNA expression with VHL and Akt pS473 protein expression data and HIF1α mRNA expression. Protein and mRNA expression data from samples was obtained from The Cancer Proteome Atlas (TCPA) and correlations with Daam2 mRNA was performed using Pearson's. Abbreviated cancer type is listed on top panel and number of tumors analyzed in the TCPA dataset for each cancer type is listed in parenthesis; GBM is denoted by green text. Cancer type abbreviations: BLCA: bladder urothelial carcinoma, COAD: Colon Adenocarcinoma, HNSC: head and neck squamous cell carcinoma, READ: rectal carcinoma, LUSC: lung squamous cell carcinoma, UCEC: uterine corpus endometrial carcinoma, BRCA: breast adenocarcinoma, LUAD: lung adenocarcinoma, OV: ovarian serous carcinoma, KIRC: kidney renal clear cell carcinoma, GBM: glioblastoma multiforme. (**C--F**) Representative immunohistochemical analysis of VHL expression in CRISPR-IUE glioma tumors derived from Daam2-overexpression (**D**) or knockout of Daam2 (**F**) and associated controls. (**G--J**) Representative immunohistochemical analysis of Akt pS473 expression in CRISPR-IUE glioma tumors derived from Daam2-overexpression (**H**) or knockout of Daam2 (**J**) and associated controls. Images are representative of analysis performed on six independent tumors for each experimental condition. (**K**) Immunoblot with antibodies against HIF1α, Glut1, and VEGFA from protein lysates derived from CRISPR-IUE glioma overexpressing Daam2 or control. Scale bars in C and G are 50 nm.](elife-31926-fig4){#fig4}

VHL is an established tumor suppressor that is frequently mutated in clear cell renal carcinoma (ccRCC) and functions by facilitating the degradation of HIF1α and pAkt ([@bib17]; [@bib23]; [@bib24]; [@bib47]; [@bib50]; [@bib54]). Given that Daam2 expression is inversely correlated with VHL, we next assessed whether Daam2 demonstrates congruent correlation with HIF1α and pAkt in the panel of human cancers. Analysis of these data revealed that Daam2 expression was positively correlated with HIF1α and pAkt protein expression across this cohort of malignancies, with GBM and lung adenocarcinoma also showing the strongest positive correlation ([Figure 4B](#fig4){ref-type="fig"}). Together, our RPPA screen and associated bioinformatics analysis of human malignancies indicate that Daam2 expression is inversely correlated with VHL expression and positively correlated with its downstream signaling axis.

Daam2 promotes tumorigenesis through VHL {#s2-5}
----------------------------------------

The RPPA data suggests that Daam2 modulates expression of VHL in glioma. To directly test this hypothesis, we evaluated expression of VHL and its signaling axis in our Daam2-GOF and Daam2-LOF mouse tumor models. Immunostaining for VHL in these models corroborated our RPPA data, where VHL expression was dramatically reduced in Daam2-GOF tumors, and increased in the *Daam2^−/−^* tumors ([Figure 4C--F](#fig4){ref-type="fig"}). In addition, we also observed elevated levels of VHL protein in the brains of Daam2-/- mice, further reinforcing these expression dynamics ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). Next we assessed expression of VHL's downstream effectors, pAkt and HIF1α, finding that both of these proteins demonstrated elevated levels of expression in the Daam2-GOF tumors, and pAkt having decreased levels in the *Daam2^−/−^* tumors ([Figure 4G--K](#fig4){ref-type="fig"}). One prediction of elevated HIF1α is a concomitant increase in the expression of its target genes. Therefore we assessed the expression of HIF1α targets Glut1 and VEGFA in the Daam2-GOF tumors, finding that these proteins also demonstrate increased expression ([Figure 4K](#fig4){ref-type="fig"}). Finally, one consequence of these changes in gene expression is elevated levels of angiogenesis ([@bib14]; [@bib28]; [@bib63]), which we detected in Daam2-GOF tumors via staining for the endothelial marker, CD31 ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}). These data, combined with our bioinformatics analysis, indicate that Daam2 suppresses VHL-signaling in malignant glioma.

These observations raise the question of whether the effects of Daam2 on glioma tumorigenesis are mediated through its suppression of VHL expression.

To determine whether an epistatic relationship exists, we overexpressed VHL in the presence of Daam2 overexpression in human GBM cell lines, finding that VHL suppresses the increased rate of cell growth mediated by Daam2-alone ([Figure 5A--C](#fig5){ref-type="fig"}). Next, we extended these studies to our mouse models of glioma, finding that combined overexpression of VHL with Daam2 similarly suppressed the accelerated rate of tumorigenesis and proliferation mediated by Daam2-alone ([Figure 5D--O](#fig5){ref-type="fig"}; T-V). Moreover, overexpression of VHL resulted in concordant suppression of pAkt and angiogenesis in these tumors ([Figure 5P--S](#fig5){ref-type="fig"}; [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}). Put together, these data indicate that Daam2 promotes tumorigenesis by suppressing VHL expression in glioma.

![Daam2 promotes gliogenesis via suppression of VHL.\
(**A--B**) Cell proliferation analysis of human GBM1 and GBM2 cell lines infected with lentivirus containing GFP control, Daam2, VHL, or Daam2 +VHL. Associated immunoblots are in C. (**D--G, U**) Representative bioluminescence imaging of mice bearing PB-Ras glioma with Daam2 overexpression, VHL overexpression, Daam2 +VHL overexpression, or control, imaged at 10 days post-natal. Imaging quantification in U is derived from 10 Daam2-overexpression, 9 VHL overexpression, 6 Daam2 +VHL, and 12 control mice; \*p=0.0001, \*\*p=0.0046, \*\*\*p=0.0016 (**H--K, V**) Immunohistochemistry analysis of BrdU expression from mice bearing PB-Ras glioma from each experimental condition. Relative number of BrdU expressing cells is quantified in V and is derived from six total mice, four slides per mouse, from each experimental condition; \*p=0.0006, \*\*p=0.0009, \*\*\*p\<0.0001. (**L--O**) Representative immunohistochemical analysis of VHL expression in PB-Ras glioma from described experimental conditions and associated controls. (**P--S**) Representative immunohistochemical analysis of Akt pS473 expression in PB-Ras glioma tumors derived from the described experimental conditions and associated controls. (**T**) Representative immunoblot showing overexpression of Daam2 and VHL in the various experimental conditions. Images in L-O are representative of analysis performed on six independent tumors for each experimental condition. Statistics derived by one-way analysis of variance (ANOVA) and followed by Tukey's test for between-group comparisons. Scale bar in F is 50 nm. Error bars in U and V are ± SEM.](elife-31926-fig5){#fig5}

Daam2 facilitates ubiquitination of VHL protein {#s2-6}
-----------------------------------------------

Analysis of human cancer data, along with our functional studies in mouse models, strongly suggests that Daam2 expression results in the loss of VHL protein. To determine the mechanism by which Daam2 influences the levels of VHL protein, we next performed a series of immunoprecipitation experiments to evaluate the biochemical relationship between Daam2 and VHL. Using protein lysates extracted from our PB-Ras model of glioma, we found that Daam2 co-immunoprecipitates with VHL (and vice versa), suggesting that these proteins associate ([Figure 6A](#fig6){ref-type="fig"}).

![Daam2 mediates VHL degradation and ubiquitination.\
(**A**) Immunoprecipitation of Flag-Daam2, followed by immunoblot with VHL on lysates derived from PB-Ras glioma overexpressing Flag-Daam2. Detection of endogenous VHL in the 'IP' lane, indicates Daam2 associates with VHL in mouse glioma. The reverse IP was also performed using HA-VHL to pulldown Flag-Daam2. (**B,D**) 293 cells were transfected with VHL and Daam2 (or control). 24 hr after transfection, cells were treated with 40 μg/ml cycloheximide (proteasome inhibitor) and incubated for the indicated time before harvest. Western blotting was performed to monitor VHL levels using anti-VHL antibody. Quantification in D shows the effect of Daam2 on VHL stability. Half-life of VHL (5.082 hr) was significantly decreased in the presence of Daam2 (3.679 hr). Error bars represent mean ± SEM (n = 3). Half-life was determined via nonlinear, one-phase exponential decay analysis (half-life parameter, K, is significantly different in two conditions: p=0.0081). Error bars represent mean ± SEM (n = 3). (**C**) Daam2 enhances VHL ubiquitination. 293 T cells were co-transfected with Flag-VHL, HA-UB(ubiquitin), and Myc-Daam2. Cells were treated with MG132 (10 ug/ml) 6 hr before harvest. Whole-cell lysate were immunoprecipitated with anti-Flag M2 beads then analyzed by western blotting with Flag and HA antibodies.](elife-31926-fig6){#fig6}

Given that Daam2 associates with VHL, and expression of VHL protein is negatively correlated with Daam2, we hypothesized that these expression dynamics are the result of Daam2 promoting the degradation of VHL. To test this we co-transfected Daam2 and VHL in 293 cells, and measured the rate of cyclohexamide-mediated degradation, finding that VHL degradation is enhanced in the presence of Daam2 ([Figure 6B,D](#fig6){ref-type="fig"}). The ubiquitination pathway is a central mechanism that oversees protein degradation, ([@bib57]; [@bib29]; [@bib68]), therefore, we next examined whether Daam2 facilitates the ubiquitintion of VHL. Using in vitro systems, we found that in the presence of elevated levels of Daam2, the extent of VHL ubiquitination is substantially increased and levels of VHL protein demonstrate a concomitantly decrease ([Figure 6C](#fig6){ref-type="fig"}). Together, these mechanistic studies reveal that the underlying biochemical relationship between Daam2 and VHL is mediated by ubiquitin-driven protein degradation.

Discussion {#s3}
==========

Using factors critical for central nervous system (CNS) development as an entry point to identify new mechanisms that contribute to tumorigenesis, we found that the glial development factor, Daam2 promotes glioma tumorigenesis across human glioma cell lines and multiple mouse models of glioma. Protein screening and bioinformatics studies revealed that Daam2 and VHL expression is inversely correlated across a broad spectrum of cancers, while functional interrogation of this relationship demonstrated that Daam2 promotes tumorigenesis via suppression of VHL expression. Mechanistically, Daam2 associates with VHL and stimulates its ubiquitination and degradation. Together, these studies are the first to define an upstream mechanism regulating VHL protein turnover in cancer and describe the role of Daam2 in tumorigenesis.

Daam2 stimulates glioma tumorigenesis {#s3-1}
-------------------------------------

Leveraging existing TCGA expression data across a broad spectrum of malignancies, we found that Daam2 is most highly expressed in glioma and melanoma. These expression characteristics in glioma were confirmed using tissue arrays and functional studies revealed that Daam2 promotes cell proliferation and tumorigenesis in human and mouse glioma models. These are the first studies to describe the role of Daam-family proteins in tumorigenesis. Daam1 and Daam2 have highly conserved formin domains yet exhibit non-overlapping expression patterns in the developing CNS ([@bib18]; [@bib31]; [@bib36]; [@bib52]), suggesting distinct functions during development. Indeed, Daam2 functions in this context via canonical Wnt-signaling, while Daam1 operates via the non-canonical Wnt, planar cell polarity (PCP) pathway ([@bib18]; [@bib36]; [@bib38]; [@bib43]; [@bib75]). It will be important to discern whether this functional diversity between Daam1 and Daam2 is also applicable to CNS malignancies. Given that the PCP pathway has been implicated in tumor cell invasion and migration ([@bib5]; [@bib55]; [@bib70]), it is possible that Daam-family proteins also contribute to these features of tumorigenesis. Recent studies have implicated Daam1, Daam2 and other formin-family genes in the migration of breast and neuroblastoma cell lines ([@bib44]), respectively, suggesting that the Daam-family proteins may also contribute to invasion and metastasis in other malignancies.

Our previous studies have shown that Daam2 potentiates canonical Wnt signaling through the clustering of existing Wnt receptor complexes ([@bib36]). While the Wnt pathway has been implicated in several forms of cancer, including medulloblastoma, mutations in key components of the Wnt-pathway and dysregulated Wnt-signaling has not been widely linked to low- or high-grade glioma ([@bib6]; [@bib12]; [@bib33]; [@bib45]; [@bib51]; [@bib60]; [@bib76]). This, coupled with the fact that Daam2 acts upon existing Wnt receptor complexes, may explain why we did not witness any overt changes in Wnt activity when we manipulated Daam2 expression in our glioma models. Nevertheless, we cannot formally rule out a possible role for Daam2 in canonical or non-canonical Wnt signaling in glioma or in other malignancies driven by Wnt dysregulation.

Finally, our observations that Daam2 expression is increased in a majority of glioma tumors raises the question how it becomes dysregulated. One possibility is that it is actively regulated by transcription factors or microRNAs that are present in glioma. Currently, these mechanisms associated with Daam2 remain undefined and identifying them are key areas of future investigation that will shed new light on how developmental dysregulation influences tumorigenesis. Another possibility to consider is that Daam2 dysregulation is a passive by-product of its expression in a cell lineage that is over-represented in glioma. Daam2 is expressed in both glial lineages (oligodendrocytes and astrocytes), in both precursor and mature stages of development. Both of these lineages are present in one form or another within the bulk tumor, therefore its possible that elevated Daam2 expression is the result of its expression in analogous cell populations that comprise the primary, bulk tumor. Deciphering which scenario (passive or active) is responsible for Daam2 dysregulation in glioma is an important area of future investigation.

New parallels between development and cancer {#s3-2}
--------------------------------------------

Our observation that manipulation of Daam2 expression promoted tumorigenesis, but not canonical Wnt signaling, points to the possibility that it functions through a Wnt-independent mechanism. RPPA and bioinformatics approaches revealed that Daam2 expression is inversely correlated with a cohort of genes ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), including VHL, across a broad spectrum of cancers. Moreover, the RPPA data analysis identified a larger cohort of proteins that were downregulated in the presence of Daam2 in our mouse model of glioma ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Thus, future studies may also be geared towards delineating the links between Daam2 and these other downregulated candidates (i.e. Claudin-7 and Syk, etc.) in the context of glioma and glial development. These observations, coupled with our findings that Daam2 associates with- and facilitates- the ubiquitination of VHL, suggest that it may also play a role in the ubiquitination pathway. The nature of this prospective relationship between Daam2 and the existing ubiquitination machinery, and whether these relationships are specific to malignancy or can be extended to development are areas of future investigation and represent potentially new parallels between development and cancer. Indeed dysregulation of ubiquitination is linked to protein aggregation associated with several neurological disorders, functioning through both neuronal and glial populations ([@bib26] and [@bib20]).

Another feature of Daam2 is that it functions to suppress the differentiation of oligodendrocyte progenitor cells (OPC) during development and after injury ([@bib35]). Studies in mouse models suggest that OPCs may serve as a cell of origin for glioma, while NG2-positive OPC populations are endowed with tumor initiating properties ([@bib41]; [@bib42]; [@bib56]; [@bib65]; [@bib66]; [@bib72]). Moreover, OPCs have latent proliferative capacity that is essential for injury responses, suggesting parallels between the processes that drive injury responses and tumorigenesis. Indeed recent studies have linked the VHL-HIF1α signaling axis to OPC development and neonatal hypoxic injury responses ([@bib73]). That Daam2 promotes tumorigenesis via suppression of VHL and also regulates OPC development and injury responses, suggests that it may also utilize these tumorigenic mechanisms in the context of injury. Together these findings add to the emerging evidence that OPC associated signaling networks play critical roles in glioma pathophysiology and further reinforce the parallels between neurological disorders and cancer biology.

Regulation of VHL in cancer {#s3-3}
---------------------------

Amongst the candidates identified in our RPPA screen, we chose to focus our studies on VHL because it's a potent effector of tumorigenesis across many forms of cancer. Our mechanistic studies revealed that Daam2 promotes glioma tumorigenesis via suppression of VHL, a classic tumor suppressor that promotes HIF1α degradation and inhibits Akt activity. Importantly, inactivating mutations in VHL are predominately found in ccRCC and are very rare in most other forms of cancer, including glioma. These observations raise the critical question of how VHL becomes dysregulated in cancers that do not have these mutations. Our studies define a novel regulatory mechanism that operates upstream of VHL in cancer and provides additional insight into how its expression is extinguished in tumors that do not have inactivating mutations. Moreover, because Daam2-VHL expression demonstrates a robust, inverse correlation across a spectrum of cancers, this is likely to be a generalized mechanism of VHL suppression in cancer. Future areas of investigation include structure/function mapping of the Daam2-VHL domains in the context of ubiquitination, tumorigenesis, and HIF1α signaling.

Interestingly, prior studies in yeast have shown that VHL can be degraded via the Hsp70 and Hsp110 chaperone system ([@bib48]; [@bib49]). Given that Hsp's are expressed across a host of cancers ([@bib15]; [@bib53]; [@bib61]), it will be important to determine whether Daam2 engages the Hsp chaperone system to facilitate VHL degradation in glioma and other malignancies. Another intriguing possibility is whether VHL can reciprocally degrade Daam2 protein. Given that VHL functions as an E3 ligase and associates with Daam2, this may be another mechanism by which this complex operates. While we did not observe overt decreases in Daam2 protein levels in the presence of VHL (not shown), such a mechanism may be context or cell lineage specific, requiring additional co-factors or environmental conditions (i.e. hypoxia, etc.). Future studies in other cancer models and cell systems will be required to determine if this is the case.

Given its role as the central regulator of HIF1α, surprisingly little is known about the regulatory biology surrounding VHL and its role in glioma formation. Studies in glioma cell lines suggest that ID2 interference with VHL activity can deregulate HIF1α expression and promote tumorigenesis in xenograft models ([@bib37]). Interestingly, ID2 has also been linked to the suppression of OPC differentiation via direct regulation of cell cycle kinetics ([@bib69]). These observations further reinforce the relationship between OPC development and glioma tumorigenesis and highlight key parallels between ID2 and Daam2 function across these systems, as both genes suppress VHL, inhibit OPC differentiation, and promote glioma tumorigenesis. Because both proteins associated with- and regulate- VHL, albeit via distinct mechanisms, it's possible that these suppressive functions are coordinated and contribute tumorigenesis. From this, a model emerges where ID2 displaces VHL from the ubiquitin complex, which facilitates its association with Daam2 and its subsequent ubiquitination and degradation. It will be important to decipher whether ID2 and Daam2 functions are in fact coordinated, and the extent to which Hsp proteins participate in this mechanism. Finally, understanding whether and how these prospective relationships are also applicable to OPC development and injury responses may also reveal new insights in CNS repair mechanisms.

Materials and methods {#s4}
=====================

In situ hybridization on gliomas {#s4-1}
--------------------------------

To detect the expression of human Daam2, we generated mRNA probe and performed in situ hybridization on human gliomas. Human glioma tissue microarray (US Biomax, GL803b) contains 35 LGG and 40 GBM and five adjacent normal brain tissue, single core per case. To generate human Daam2 probe, pCMV-SPORT6 containing huDaam2 mRNA sequence (BC078153) was purchased from Openbiosystems (EHS1001-9143512). Antisense probe was produced by T7 RNA Polymerase followed by Sal1 enzyme digestion. The sense probe was generated by SP6 RNA Polymerase followed by Not1 enzyme digestion. To apply ISH on human TMA, tissue array was firstly de-paraffinized by Xylene, 100% EtOH, 90% EtOH, 70% EtOH, 50% EtOH, two times of 5 min for each step. Then deproteinization was conducted by proteinase K (10 ug/ml) for 5 min, 4% PFA for 15 min, 0.25% acetic anhydride in 0.1M triethanolamine for 5 min, washing with PBS in between for 5 min. Hybridization of the RNA probe at 65°C for overnight after pre-hybridization at 65°C for 1 hr. Chromogenic detection was finished the following day. Three times 2xSCC washing at 65°d for 15 min each first, then rinsing with PBT, 1 hr blocking (20% lamb serum in PBT), 2 hr antibody incubation (DIG-AP, 1:2000), washing with PBT, and 10 min AP blocking. The slide was developing in NBT/BCIP in the dark for overnight. The reaction was stopped by AP buffer once the signal was developed. The intensity grades (0, 1, 2, 3) is scored by the pathologist, Dr. Carrie Mohila. To detect the expression of Daam2 in mouse gliomas, we used mRNA probes ([@bib35])

Mice {#s4-2}
----

To generate mouse gliomas, we used pregnant wild type and Daam2 knockout mice for IUE surgeries. The pregnant wild-type mice were purchased from The Center for Comparative Medicine (CCM) at Baylor College of Medicine (BCM). The Daam2 knockout mice were generated previous studies ([@bib35]). We also purchased SCID (Taconic) mice for human glioma transplantation assay. All procedures were approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine and conform to the US Public Health Service Policy on Human Care and Use of Laboratory Animals.

Constructs, shRNAi lentivirus, cloning {#s4-3}
--------------------------------------

### Lentivirus constructs {#s4-3-1}

For in vitro functional assays in human GBM cell lines, ectopic Flag-tagged Daam2 was cloned into FUIGW plasmid, HA-tagged VHL was cloned into pHage-puro Gateway vector. Human Daam2 shRNAi were purchased from TRC Lentiviral Library, Dharmacon. Mature Antisense- ATGCTCCGGAGGAAATTTAGC was used as the control. The combination of mature Antisense- ATTTAGCCGGTTTATTGCCCG and mature Antisense- ATCAAACGCGTACAGACTCTG was used as the Daam2-shRNAi.

### PiggyBac constructs {#s4-3-2}

For PB-Ras glioma model, Flag-tagged Daam2, HA-tagged VHL, and Luciferase were cloned into the pCAG vector. pbCAG-GFP-2a-HRas, pbCAG-GFP were a gift from Dr. LoTurco. For CRISPR glioma model, oligo primers were used to clone sgRNA targeting *Nf1, Trp53, and Pten* into the pX330-Cas9 vector. p53: 5'-CACCGCCTCGAGCTCCCTCTGAGCC-3', PTEN: 5'- CACCGAGATCGTTAGCAGAAACAAA-3', NF1: 5'-CACCGCAGATGAGCCGCCACATCGA-3'

### Expression constructs {#s4-3-3}

Flag-tagged Daam2, Myc-tagged Daam2, HA-tagged VHL, Flag-tagged VHL, GFP-tagged VHL were cloned into pcDNA, pCS2, pcDNA, p3xFLAG-CMV-9, pmaxFPTM-Green-N, respectively. HA-Ub was gift from Dr. Yoo.

### Lentivirus generation {#s4-3-4}

Lentivirus production was carried out by transfecting FUIGW backbone with Gagpol and VSVG plasmids into 293 T cells in a 15 cm dish using TransIT-293 reagent (Mirus2705. pHage and shRNAi plasmids are transfected with pMD2.G and dr8.2 plasmids. After transfection, lentivirus supernatant was collected twice over 48 hr and ultra-centrifuging at 25,000 rpm for 2 hr. Purified and concentrated virus was diluted with DMEM media.

Cell growth curve and agar assays {#s4-4}
---------------------------------

### Growth curve {#s4-4-1}

For in vitro human GBM cell line studies, adult GBM-1 and GBM-2 cell lines were kindly provided from Dr. Nabil Ahmed ([@bib21]) ([@bib1]). These cell lines were generated from freshly resected human GBM samples as described in the ([@bib21]) and [@bib1]) and whole transcriptome sequencing confirmed that they are of human origin and contain gene expression patterns consiste with GBM. In addition, these cell lines tested negative for mycoplasma. To manipulate the expression of Daam2 in GBM cell lines, we used the lentivirus as described above. To virally infect human primary GBM cells, 1.5 × 10^4^ cells were plated in 6-well plates with DMEM +10% FBS. Cells were infected with either Daam2 or Daam2 shRNAi virus for 14 hr to make the stable cell line for GOF and LOF study, respectively. Stable Daam2 over-expression (GFP^+^) cell lines were sorted via FACS. Stable Daam2 shRNAi cell lines were selected by puromycin. To test the relationship between Daam2 and VHL, Daam2 over-expression cell line was infected with VHL virus. To assess rates of cell growth, 2 × 10^4^ cells were plated in 12-well plates and cells were counted over the course of three days. At each time point, cells were detached by Trypsin and calculated using TC20 Automated Cell Counter (Bio-Rad).

### Agar assay {#s4-4-2}

For the agar assay, 2.5 × 10^4^ cells (cell agar layer) was mixed with 5 ml Iscove's 1.4% Nobel Agar + 40% FBS, covered by top and bottom coating agar layers (2 ml Iscove's 1.4% Nobel Agar + 20% FBS) in a 6 mm plate. We tightly monitored the colony formation for several weeks.

### qRT-PCR {#s4-4-3}

5 × 10^6^ cells were cultured in 6-well plates. RNA was extracted using RNeasy Plus Mini Kit (Qiagen, \#74134) according to the protocol. 1000 ng RNA was used for reverse transcription into cDNA with a total volume of 20 ul. cDNA was diluted into 100 ul with Nuclease-free water. 5.75 ul cDNA was mixed with SYBR reagent and primers for running qRT-PCR program. The following primers were used: Daam2 Left 5'-caaagcccaaagtggaagc; Daam2 Right 5'-catctgtctaagacgcttgctg.

In utero electroporation (IUE) {#s4-5}
------------------------------

To generate mouse gliomas, we performed in utero electroporation (IUE). Briefly, the uterine horns were exposed, and DNA combination was injected into the embryonic lateral ventricles along with Fast Green dye as the indicator. Then electroporation was accomplished by BTW tweezertrodes connected with the pulse generator (BTX 8300) in the setting of 33V, 55 ms per pulse for six times, 100 ms intervals. In CRISPR-IUE model, the DNA combination is composed of the 'helper-plasmid' pGLAST-PBase (2.0 ug/ul) and all the other DNA (1.0 ug/ul), including pbCAG-GFP, pbCAG-Luciferase, crNF1, crPTEN, crp53 ([@bib9]; [@bib27]). In the HRas-IUE model, the DNA combination is composed of pGLAST-PBase (2.0 ug/ul) and others (1.0 ug/ul), including pbCAG-GFP2aHRas and pbCAG-Luciferase. For the IUE/Daam2/VHL overexpression study, pbCAG-FlagDaam2 (1.0 ug/ul), pbCAG-HA-VHL (1.0 ug/ul) were co-injected with the CRISPR-IUE or the Ras-IUE master mix described above.

Glioma xenograft assays {#s4-6}
-----------------------

Six-week-old SCID male mice (Taconic) were used for human GBM cell line transplantation. 4 × 10^4^ luciferase-infected primary GBM cells were injected into each mouse brain, at the location of the 1 mm front, 2 mm right, 3 mm deep from the Bregma. Animals were euthanized and perfused at six weeks after transplantation of GBM cells. Brains were fixed in 4% paraformaldehyde and 70% EtOH overnight, respectively. After fixation, brains were embedded in paraffin, sectioned and subjected to molecular and pathological analysis via immunostaining or hematoxylin and eosin staining.

Bioluminescent imaging and analysis {#s4-7}
-----------------------------------

To measure the tumor growth after manipulation of Daam2, mice are subjected to bioluminescent imaging before harvesting. Mice were monitored once a week. D-Luciferin (Perkin Elmer, \#122799) was diluted to 15 mg/ml with PBS and injected into each mouse at a dose of 10 ul/g body weight. After 10 min, mice were placed inside a Bruker FX Pro Imager for 2 min Bioluminescence Imaging and 10 s X-ray Imaging. X-ray image was transparently overlapped with the bioluminescence image. A free circle surrounded the region of interest (ROI) was selected for the quantification of the luciferase intensity. Relative luciferase intensity was measured as the intensity of control group was normalized as 1; experiment group = actual value of experiment group/the actual value of control group.

BrdU assay {#s4-8}
----------

To evaluate tumor proliferation, mice were subjected intraperitoneal injection with BrdU (200 μg/g body weight) 4 hr before harvesting. Brains were perfused and fixed overnight in 4% paraformaldehyde and 70% EtOH overnight for paraffin embedding. For the BrdU immunohistochemistry, additional 2N HCl treatment was performed.

Tumor dissection and dissociation {#s4-9}
---------------------------------

Tumors derived from either IUE or transplantation were dissected from whole mouse brains. Tumor regions were visualized as GFP positive tissue under a fluorescence dissection microscope. For paraffin sections, the brain was fixed in 4% Formalin then 70% Ethanol overnight. For western blot and RPPA, GFP-positive tissues were dissociated from the whole brain then homogenized with lysis buffer.

Hematoxylin and eosin stain (H&E), Immunohistochemistry (IHC), and Antibodies {#s4-10}
-----------------------------------------------------------------------------

For H&E staining, slides were firstly deparaffinized by sequentially three times of 3 min Xylene, 100% EtOH, 95% EtOH, 80% EtOH, 70% EtOH. Hematoxylin was stained for 5 min, then rinsing with tap water till no more color changing. 2--3 dips in the acidic solution (1% HCl in 70% EtOH) reduced the background. After rinsing with tap water, Eosin was staining for 1 min, following by tap water rinsing. Finally, dehydration was accomplished by three times of 5 min 95% EtOH, 100% EtOH, and Xylene.

For IHC, deparaffinization process is the same as H&E staining. Antigen retrieval was performed by 10 min microwaving using Na-Citrate pH6.0. Endogenous peroxidases were blocked using 3% H~2~O~2~. After 1 hr serum blocking, slides were incubated with antibody overnight in cold room. The other day, slides were rinsed off in PBS and incubated with secondary antibody for 1 hr. Then DAB and hematoxylin were applied for the color matrix and counterstain. Finally, dehydration was the same as the H&E process. CD31 staining was quantified using approaches described in [@bib67].

The following antibodies were used for IHC and western blot: BrdU (anti-rat, Abcam, ab6326, 1:200), VHL (anti-rabbit, Santa Cruz, sc5575, 1:20), VHL (anti-mouse, \#556347, 1:500), CD31 (anti-rabbit, Abcam, ab28364, 1:100), pAKT (Ser473) (anti-rabbit, Cell Signaling, \#9271, 1:1000), HIF1a (anti-mouse, Novus, NB100-105, 1:500), Flag (anti-mouse, Sigma, F1804, 1:1000), HA (anti-rat, Roche, clone 3F10, 1:500), GAPDH (anti-mouse, Millipore, AB2302, 1:1000), and LacZ (anti-rabbit, Cappel, 55976, 1:1000).

Reverse phase protein array (RPPA) {#s4-11}
----------------------------------

GFP^+^ tumor tissues were dissociated under a fluorescence dissection microscope and sorted with FACS machine. Tumor cells were homogenized with ice-cold lysis buffer. Supernatants (tumor lysates) were transferred after centrifuging at 4°C, 14,000 rpm for 10 min. The lysates were mixed with 4X SDS sample buffer. Samples were boiled for 5 min at a final protein concentration of 1--1.5 ug/ul and a total volume of 40 ul. The lysis buffer was composed of 1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 1 mM Na3VO4, 10% glycerol, and contained freshly added protease and phosphatase inhibitors from Roche (\# 05056489001 and 04906837001, respectively). Samples were probed with 287 antibodies. The RPPA was performed and analyzed by Functional Proteomics RPPA Core Facility at MD Anderson Cancer Center.

Immunoprecipitation and in vitro degradation assay {#s4-12}
--------------------------------------------------

### Immunoprecipitation {#s4-12-1}

To test the biochemical association between Daam2 and VHL, we used 293 T cells for co-immunoprecipitation assay. 2 × 10^5^ cells were plated into the six well plate one day before transfection. 500 ng Flag-tagged Daam2 and HA-tagged VHL was transfected by iMFectin DNA Transfection Reagent (GenDEPOT) according to the protocol. Cells were harvested by cold PBS and spin down by centrifuging at 3000 rpm, 5 min. The cell pellet then was lysis by 1 ml lysate buffer (20 mM HEPES pH7.9, 100 mM NaCl, 0.5% TritonX100, 1 mM EDTA, 5% Glycerol) with protease inhibitor (Roche). To fully lysis the cells, cells were subjected 10 s sonication and three times of 10 s vortex. Then cell lysate (supernatant) was collected after 15 min, 13,000 rpm centrifuge. 30 ul samples were collected as Input; the other cell lysate was subjected for overnight IP by adding 12 ul M2 FLAG agarose (Sigma). IP samples were washed with three times cell lysate buffer followed by 13,000 rpm 5 min to spin down and separate the agarose beads. 30 ul 2xSDS loading buffer was added to individual samples, 10 ul of samples were loaded for Western blot. Flag (anti-mouse, Sigma, F1804, 1:1000), VHL (anti-mouse, \#556347, 1:500), HA (anti-rat, Roche, clone 3F10, 1:500), GAPDH (anti-mouse, Millipore, AB2302, 1:1000)

For the in vitro ubiquitin assay, 100 ng Myc-tagged Daam2, 500 ng Flag-tagged VHL, and 600 ng HA-tagged Ub were transfected into six-well plate. 24 hr post- transfection, cells were treated with 40 ug/ml MG132 (proteasome inhibitor) for 6 hr. Lysate buffer for Ubiquitin contained additional de-Ubiquitin reagent (50 ug/ml N-Ethylmaleimide, 75 ug/ml 1,10-Phenanthroline).

In vitro degradation assay {#s4-13}
--------------------------

To test VHL degradation, 1 × 10^5^ 293 T cells were plated into the 12 well plate one day before transfection. 100 ng Myc-tagged Daam2 and GFP-tagged VHL was transfected by iMFectin DNA Transfection Reagent (GenDEPOT) according to the protocol. 30 hr post-transfection, cells were treated with 50 ug/ml CHX for 0, 2, 4, 6 hr respectively. Lysis and Western blot process is the same as previously described. To quantify the protein abundance, the western blot band intensity in 0 hr sample of both VHL -/+D2 groups are set as '1\', then the intensity of 2, 4, 6 hr degradation western blot band is normalized and plotted using Nonlinear Regression Curve by GraphPad.

TCGA database analysis and comparative bioinformatics {#s4-14}
-----------------------------------------------------

RNA expression data underlying the results presented in [Figure 1](#fig1){ref-type="fig"} were generated by TCGA Research Network (<http://cancergenome.nih.gov/>). All data used in this study were publicly available, e.g. from The Broad Institute's Firehose pipeline (http://gdac.broadinstitute.org/), doi:10.7908/C11G0KM9. From TCGA, we collected molecular data on 10224 tumors of various histological subtypes (ACC project, n = 79; BLCA, n = 408; BRCA, n = 1095; CESC, n = 304; CHOL, n = 36; COAD/READ, n = 623; DLBC, n = 48; GBM, n = 161; HNSC, n = 520; KICH, n = 66; KIRC, n = 533; KIRP, n = 290; LAML, n = 173; LGG, n = 516; LIHC, n = 371; LUAD, n = 515; LUSC, n = 501; MESO, n = 87; OV, n = 262; PAAD, n = 178; PCPG, n = 179; PRAD, n = 497; SARC, n = 259; SKCM, n = 469; TGCT, n = 150; THCA, n = 503; THYM, n = 120; UCEC, n = 545; UCS, n = 57; UVM, n = 80) from TCGA, for which RNA-seq data (v2 platform alignment) were available. Correlation between VHL and AKT pS473 protein on TCGA samples, were obtained from The Cancer Proteome Atlas, or TCPA, using level four data from the portal ([@bib3]; [@bib39]).

Statistical analysis {#s4-15}
--------------------

One-way ANOVA was used to analyze bioluminescent intensity and BrdU-positive cell counts to determine the differences between Ctrl, D2 and D2/VHL groups, followed by Tukey's test to compare between individual groups, which is demarcated by an asterisk in the graphs. Independent *t*-test was used to analyze the differences in bioluminescent intensity and BrdU-positive cell counts between Ctrl vs. D2, Het vs. KO, Scrambled-shRNAi vs. D2-shRNAi.

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/100000890National Multiple Sclerosis Society RG 1508-08406 to Hyun Kyoung Lee.

-   http://dx.doi.org/10.13039/100004917Cancer Prevention and Research Institute of Texas RP16019 to Benjamin Deneen.

-   http://dx.doi.org/10.13039/100000002National Institutes of Health NS071153 to Benjamin Deneen.

-   http://dx.doi.org/10.13039/100004917Cancer Prevention and Research Institute of Texas RP150334 to Benjamin Deneen.

-   http://dx.doi.org/10.13039/100000002National Institutes of Health NS089366 to Benjamin Deneen.

This work was supported by grants from the Sontag Foundation (BD), Cancer Prevention Research Institute of Texas (RP150334 and RP160192 to BD and CC), and the National Institutes of Health (NS071153 and NS089366 to BD). National Multiple Sclerosis Scoiety (RG 1508-08406 to HKL). We acknowledge the assistance of the Baylor College of Medicine Mouse Phenotyping Core, the Lester and Sue Smith Breast Center's Pathology Core, and Functional Proteomics RPPA Core Facility at MD Anderson Cancer Center, this facility is funded by NCI \# CA16672. This project was also supported in part by the IDDRC grant number 1U54 HD083092 from the Eunice Kennedy Shriver National Institute of Child Health and Human Development.

Additional information {#s5}
======================

No competing interests declared.

Conceptualization, Data curation, Formal analysis, Supervision, Validation, Investigation, Methodology, Writing---original draft, Writing---review and editing, Data analysis.

Formal analysis, Investigation, Methodology, Project administration.

Investigation, Methodology.

Formal analysis, Investigation, Methodology.

Investigation, Methodology.

Formal analysis, Investigation, Key reagents.

Investigation, Methodology, Data analysis.

Data curation, Formal analysis, Investigation, Data analysis.

Investigation, Methodology, Key reagents.

Conceptualization, Resources, Data curation, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Methodology, Writing---original draft, Writing---review and editing, Data analysis.

Conceptualization, Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing---original draft, Project administration, Writing---review and editing, Data analysis.

Animal experimentation: This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of the animals were handled according to approved institutional animal care and use committee (IACUC) protocol AN-5162 and AN-6100 at the Baylor College of Medicine. All surgery was performed under isfoflurane anesthesia, and every effort was made to minimize suffering.

Additional files {#s6}
================

10.7554/eLife.31926.016

###### RPPA data analysis.

10.7554/eLife.31926.017

10.7554/eLife.31926.018

Decision letter

Bronner

Marianne

Reviewing Editor

California Institute of Technology

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for choosing to send your work, \"Daam2 Driven Degradation of VHL Promotes Gliomagenesis\", for consideration at *eLife*. Your initial submission has been assessed by a Senior Editor and three reviewers. Although the work is of interest, we regret to inform you that the findings at this stage are too preliminary for further consideration at *eLife*.

Specifically, the reviewers felt that the manuscript was interesting but also raised many concerns that would require substantial revisions. These include better demonstration of Daam2 over-expression, confirmation of Daam2 loss of function, better descriptions of the glioblastoma lines, etc. I refer you to the reviews below for details.

Reviewer \#1:

The report by Deneen and colleagues reports that coordinate regulation of Daam2 and VHL is observed in many cancers, and that Daam2 expression functions to increase tumorigenicity through suppression of VHL levels (ubiquitin-mediated degradation). The experiments are well executed and convincing.

How quantitative is the DAAM2 expression described in [Figure 1](#fig1){ref-type="fig"}? It would be preferable to look at protein expression in tissue microarrays or perform real time quantitative RT-PCR for these analyses. In addition, it would be useful to compare normal tissue from the exact same location as the tumor whenever possible. This could be performed using mouse gliomas, and should be included to strengthen the importance to gliomas. For example, in the Barres atlas (http://web.stanford.edu/group/barres_lab/brain_rnaseq.html), it appears as though Daam2 is robustly expressed in normal astrocytes.

What the developmental expression pattern of Daam2 in the mouse or human? Is it inversely correlated with VHL expression?

Does Daam2 overexpression increase proliferation or decrease apoptosis?

In the analysis shown in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}, VHL was not the top candidate. How did the authors exclude the other compelling candidates, and why did they focus only on VHL?

In the TCGA datasets, is there a strong correlation between DAAM2 expression and HIF-1a expression?

One of the key points of the report is that DAAM2 requires VHL. While they demonstrate sufficiency, the necessity portion of this dependency is not as clearly revealed. What is the effect of VHL expression alone in [Figure 5](#fig5){ref-type="fig"}? One elegant way to demonstrate the dependency is to show that mutations that impair VHL-DAAM2 binding reverse the ability of DAAM2 to accelerate glioma growth in vitro and in vivo.

Previous studies from the Deneen laboratory suggest that DAAM2 regulates Wnt signaling in oligodendrocytes. Was this pathway excluded in the context of tumorigenesis?

Reviewer \#2:

In the current manuscript, entitled \"Daam2 Driven Degradation of VHL Promotes Gliomagenesis,\" Zhu and colleagues argue that Daam2 drives glioblastoma development in human and mouse models through a novel regulation of the VHL tumor suppressor. Daam2 overexpression in cells and mice associates with increased cell and tumor growth, while Daam2 depletion in glioma models significantly impairs tumor growth. While Daam2 has been reported to regulate the Wnt pathway by these investigators, they found a lack of association of Daam2 and Wnt here. Thus omic and protein array analyses led them to discover an inverse correlation of Daam2 expression and VHL. Accordingly, Daam2 expression induces HIF1 stabilization and Akt phosphorylation, two mechanistic consequences of VHL loss. The investigators go on to show that Daam2 plays a direct role in the regulation of VHL through a protein protein interaction and a consequent ubiquitylation of VHL. Together the studies identify a new and exciting role for Daam2 in glioma, and a new mechanism of VHL downregulation in cancer, which would have broad implications. The manuscript could be improved by a number of edits.

1\) This is not the first study to show an upstream mechanism of VHL regulation in cancer. The authors correctly point out in their Discussion that ID2 has been shown to regulate VHL, there is also a miRNA story in the literature (Li, et al. 2017). Thus while these other observations do not take away from the story here, this point is overstated several times in the text and should be corrected. Likewise, a comment in the Discussion implies that absent of other alterations, it is unclear how VHL function is inactivated in cancer, and the simple answer is tumor hypoxia.

2\) [Figure 1](#fig1){ref-type="fig"}; high resolution pictures of Daam2 staining that are in the supplemental data should be included in the figure.

3\) Better descriptions of the two GBM cell lines would be useful. Do these contain similar driver mutations as the mouse models? Also, quantification of the colony assays would be helpful, rather than simply a representative figure. Do the control cells form colonies at all? Given that they form tumors, one would expect so.

4\) Quantification of IHC for example for CD31 would be more convincing than a single picture.

5\) HIF elevation in [Figure 4B and K](#fig4){ref-type="fig"} begs the question as to whether HIF target genes are also elevated in cells with altered Daam2.

6\) Can the authors speculate as to how Daam2 is functioning to facilitate VHL ubiquitylation? Is it an E3 ligase? Is there a domain structure of Daam2 that would support a hypothesis?

Reviewer \#3:

The Von Hippel-lindau protein is a tumor suppressor that, through conventional loss-of-function (i.e. germline deletion of one copy followed by somatic l.o.h.) gives rise to cancers of liver, kidney and vagina. In this manuscript, Zhu et al. make the provocative claim that Von Hippel-lindau (VHL) protein may be attenuated in a non-genetic way and thus contribute to a broader array of cancers than hitherto believed including malignant gliomas.

The point of departure for their work is an in silico survey showing an inverse correlation between expression of the glial developmental factor Daam2 and VHL in a wide variety of cancers including glioma. The authors go on to a set of functional studies with human glioma cell lines and mouse glioma models to show that Daam2 promotes glioma growth by suppressing VHL expression. Mechanistically, the claim is that Daam2 associates with VHL and thereby facilitates its ubiquitination and degradation.

A broad body of labor-intensive and technically challenging work is summarized here. The manuscript is well written. The conclusions would, in principle, be of interest to a broad readership in neuro-oncology and in other fields such as tumor metabolism and molecular therapeutics. Unfortunately, some of the data in this manuscript are, at present, inadequate to support the central claims. My concerns are as follows:

1\) [Figure 2](#fig2){ref-type="fig"}. The claim of this figure is that Daam2 overexpression accelerates the growth of human glioma cell lines. However, the authors do not actually show that Daam2 is overexpressed. They should provide a western blot towards this end. It is actually a bit curious that infection with lentivirus Daam2 has such a pronounced effect since the authors show us (in [Figure 1](#fig1){ref-type="fig"}) that gliomas already have high Daam2.

2\) [Figure 3](#fig3){ref-type="fig"}. An important claim of this figure is that Daam2 loss-of-function impairs growth of human glioma cells. The loss-of-function was achieved via shRNAi-mediated knockdown but there are two problems with the data. First, there is no western blot to show that Daam2 actually was knocked down. Second, there are growing concerns about off-target effects of shRNAi. The authors need a \"rescue\" experiment with Daam2 construct that is immune to their shRNAi to rule out off-target toxicity.

3\) [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}. The central claim of this figure is that angiogenesis, as marked by CD31, is altered in response to Daam2 levels. The immunostain images shown are not convincing. The authors need to quantify these data.

4\) [Figure 5A-B](#fig5){ref-type="fig"}. The central claim of these two figures is that ectopic VHL can overcome the accelerated growth induced by overexpression of Daam2 alone. As per comment \#1 above, we need western blots -- in this case for both VHL and Daam2. It would be interesting to see if the relationship between Daam2 and VHL is symmetric. If high Daam2 suppresses VHL, does high VHL suppress Daam2?

5\) [Figure 6A-D](#fig6){ref-type="fig"}. The central claim of this figure is that Daam2 forms a complex with VHL thereby promoting ubiquitination and degradation of VHL. These are very important mechanistic claims. I have some doubts about these data. These are:

a\) The antibody pulldown experiment needs to be shored up to rule out an adventitious interaction between Daam2 and VHL. Can the pulldown be reversed? Will IP VHL bring down Daam2? Is there any independent evidence of a VHL:Daam2 interaction, e.g. yeast two hybrid trap or proximity ligation assay?

b\) [Figure 6B, D](#fig6){ref-type="fig"}. The central claim here is that VHL degradation is \"significantly enhanced\" in the presence of Daam2. I disagree with the descriptor of \"significant\". The offset in VHL T~1/2~ (5.08hr vs 3.68hr) might be \"statistically significant\" as the authors state but the overall difference is nuanced and does not seem adequate to account for the striking differential in VHL immunostain as shown in [Figure 4](#fig4){ref-type="fig"}. Author\'s comments?

Overshadowing all of these concerns with the data is a more fundamental question about the role of Daam2 as a non-genetic driver of gliomagenesis. What is the mechanism of leads to high expression of Daam2 in gliomas ([Figure 1](#fig1){ref-type="fig"}). Is Daam2 expressed at hyperphysiologic levels in these tumors or, alternatively, do some gliomas simply arise from Daam2-positive cells? If the latter is true than Daam2 is only permissive for gliomagenesis (along with many other things). If the former is true, then we need to know the mechanism.

10.7554/eLife.31926.019

Author response

> Reviewer \#1:
>
> \[...\] How quantitative is the DAAM2 expression described in [Figure 1](#fig1){ref-type="fig"}? It would be preferable to look at protein expression in tissue microarrays or perform real time quantitative RT-PCR for these analyses. In addition, it would be useful to compare normal tissue from the exact same location as the tumor whenever possible. This could be performed using mouse gliomas, and should be included to strengthen the importance to gliomas. For example, in the Barres atlas (http://web.stanford.edu/group/barres_lab/brain_rnaseq.html), it appears as though Daam2 is robustly expressed in normal astrocytes.

We totally agree with the reviewer's suggestion. Unfortunately, the Daam2 antibodies at our disposal do not adequately stain human tissues, so we cannot perform the suggested immunostaining experiments. Because of this, we turned to qRT-PCR to assess expression of Daam2 in freshly resected human malignant glioma and adjacent white matter samples. RNA was isolated from the primary tumor and the associated, non-tumor white matter and we performed qRT-PCR, finding that Daam2 expression in glioma was elevated in three of the five samples we queried. Please see [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}. That Daam2 exhibits heterogeneous expression across 5 glioma samples is consistent with the heterogeneous expression we found in the tissue microarrays and the TCGA analysis (TCGA -- see [Figure 1A](#fig1){ref-type="fig"}; Tissue Array now in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We noted these parallels in the last paragraph of the subsection "Daam2 is expressed in human and mouse glioma".

In addition, we assessed Daam2 expression in our mouse model of glioma, comparing tumor and non-tumor expression, finding that these models exhibit elevated levels of Daam2 expression in glioma compared to cortex. Please see [Figure 2---figure supplement 1K-P](#fig2s1){ref-type="fig"}.

> What the developmental expression pattern of Daam2 in the mouse or human? Is it inversely correlated with VHL expression?

These are critical questions, that are directly relevant to our studies and we appreciate the reviewer's consideration of these experiments. Developmental expression of Daam2 in the mouse spinal cord can be found in Lee, et al. Neuron 2015. We also assessed expression in the post-natal and adult cortex, finding that Daam2 is also expressed in GFAP expressing astrocyte populations in both the developing and adult cortex. Please see [Figure 2---figure supplement 1Q-R](#fig2s1){ref-type="fig"}.

The issue of Daam2/VHL expression correlation in the normal brain is also a very important issue brought to light by the reviewer. We have stained adult cortex from *Daam2^LacZ/+^* and *Daam2^LacZ/LacZ^* mice with β-gal and VHL antibodies, finding that VHL expression is significantly increased in *Daam2^LacZ/LacZ^* cells in the adult cortex. Please see [Figure 4---figure supplement 2B-G](#fig4s2){ref-type="fig"} and subsection "Daam2 promotes tumorigenesis through VHL", first paragraph.

Please note that in all of these experiments, we used a LacZ-knockin allele because we do not have any Daam2-antibodies that adequately stain brain or spinal cord tissue.

> Does Daam2 overexpression increase proliferation or decrease apoptosis?

Indeed, increases in tumorigenesis can be engendered by enhanced proliferation, a lack of cell death, or a combination of both. It's critical to characterize these features of our tumors. To measure proliferation we injected the tumor bearing mice with BrdU prior to harvesting; the extent of BrdU labeling was quantified via immunohistochemistry. These data were included in the original submission and can be found in [Figure 2J-L](#fig2){ref-type="fig"}.

To assess changes in cell death, we stained these same tumors for Caspase3 and did not detect any changes in Caspase3 expression. Please see [Author response image 1](#respfig1){ref-type="fig"}.

![Caspase3 staining of CRISPR-IUE tumors overexpressing Daam2.](elife-31926-resp-fig1){#respfig1}

> In the analysis shown in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}, VHL was not the top candidate. How did the authors exclude the other compelling candidates, and why did they focus only on VHL?

We appreciate the reviewers comment, as explaining the logic underlying the selection of VHL is critical for a comprehensive understanding of our manuscript. As the reviewer can probably appreciate, selection criteria can be subjective and indeed, that is part of our explanation. VHL was selected, in part, because its role in glioma biology was not well understood and linking it to Daam2 might provide additional and novel insight into its role in this context. While VHL was not the top candidate, it did have the third highest correlation score and a very significant p-value. Moreover, amongst the top candidates, VHL is the most potent effector of tumorigenesis and linking Daam2 with a central regulator of tumor growth made the most sense to us. With that said, future studies will be geared towards delineating the links between the other candidates (Claudin-7 and Syk, etc.) and Daam2 in the context of glioma and glial development. We have amended the Discussion to include these points. Please see subsection "New Parallels Between Development and Cancer", first paragraph and subsection "Regulation of VHL in cancer", first paragraph.

Another component of our selection criteria is a previous publication showing that VHL promotes oligodendrocyte differentiation (Yuen, et al. Cell 2014). This role for VHL is in contrast to our previous findings that Daam2 suppresses oligodendrocyte development (Lee, et al. Neuron 2015). Based on these opponent roles for VHL and Daam2 in glial development, and that their expression is inversely correlated in glioma, we speculated that they may have an antagonistic relationship that influences glioma tumorigenesis.

> In the TCGA datasets, is there a strong correlation between DAAM2 expression and HIF-1a expression?

We appreciate this question, as it's very important to understand the correlations between Daam2 and the downstream effectors of VHL. This correlation analysis was included in the original submission and can be found in [Figure 4B](#fig4){ref-type="fig"}. In addition to a strong correlation with HIF1a in the human TCGA datasets, we also found that two key HIF1a targets (VEGFA and Glut1) are upregulated in tumors that overexpress Daam2. Please see [Figure 4K](#fig4){ref-type="fig"}. Together, these data strongly support the notion that Daam2 overexpression results in dysregulated VHL-HIF1a signaling.

> One of the key points of the report is that DAAM2 requires VHL. While they demonstrate sufficiency, the necessity portion of this dependency is not as clearly revealed. What is the effect of VHL expression alone in [Figure 5](#fig5){ref-type="fig"}? One elegant way to demonstrate the dependency is to show that mutations that impair VHL-DAAM2 binding reverse the ability of DAAM2 to accelerate glioma growth in vitro and in vivo.

We thank the reviewer for pointing this out, as the effects of VHL manipulation alone are also an important part of this experiment. In [Figure 5](#fig5){ref-type="fig"}, we have included VHL overexpression controls in our human glioma cell line and mouse PB-Ras glioma model experiments. As shown in [Figure 5](#fig5){ref-type="fig"}, overexpression of VHL alone did not affect growth of the human glioma cell lines or tumorigenesis in our mouse models.

In an effort to test the sufficiency of the Daam2/VHL relationship, we sought to perform a double LOF experiment by deleting VHL via CRISPR in our mouse glioma model generated in Daam2-KO mice. Towards this we first tested the effects of VHL deletion on tumorigenesis in our CRISPR-IUE model, finding that deletion of VHL resulted in a dramatic acceleration of tumorigenesis, please see [Author response image 2](#respfig2){ref-type="fig"}. Average survival for mice bearing CRISPR-IUE tumors is \~90 days, mice that have been electroporated with guide RNAs that target VHL (plus the NF1/p53/PTEN combination) survive 14-21 days. Moreover, glioma growth is typically detected by bioluminescence at P40-P45, while tumors that lack VHL are detectable as early as P8. Given that deletion of VHL has such a profound effect of tumorigenesis in our mouse models, we are not able to use these models to examine the sufficiency of the Daam2/VHL relationship.

![CRISPR-IUE tumor model, combined with CRISPR deletion of VHL, generated in a Daam2+/- or Daam2-/- background.\
Deletion of VHL accelerates glioma formation in this model. (**A**) Kaplan-Meyer survival curve. (C-D) Bioluminescence imaging of tumors at P8.](elife-31926-resp-fig2){#respfig2}

Given the growth dynamics of tumors that lack VHL, the reviewer's suggestion to identify mutants that impair Daam2/VHL association is an excellent alternative way to investigate sufficiency. To address this we performed a series of co-IP experiments, testing the association between a series of Daam2 mutants and VHL. As shown in [Author response image 3](#respfig3){ref-type="fig"}, all the Daam2 truncation mutants at our disposal (see Lee, et al.Developmental Cell 2012) are able to associate with VHL. Because, at this time, we are unable to identify a Daam2-mutant that does not interact with VHL, we are unable to further explore this potentially important mechanism. Based on these results, these experiments appear to be beyond the scope of this study, as they will require additional deletion mapping to identify the domains of interaction. Nevertheless, we feel that this is an excellent future set of experiments that we will explore in greater detail and thank the reviewer for this suggestion. Moreover, we have amended the Discussion to include these experiments as a potential future direction. Please see subsection "Regulation of VHL in cancer", end of first paragraph.

![Co-IP of Daam2 truncation mutants (see Lee, et al. 2012) and VHL.\
These data show that each of the Daam2 truncation mutants is capable of associating with Daam2.](elife-31926-resp-fig3){#respfig3}

> Previous studies from the Deneen laboratory suggest that DAAM2 regulates Wnt signaling in oligodendrocytes. Was this pathway excluded in the context of tumorigenesis?

This a very important point made by the reviewer, as it's the driving force behind the RPPA experiments that led to the connection between Daam2 and VHL. This point was addressed in the original submission -- please see [Figure 4---figure supplement 1A-D](#fig4s1){ref-type="fig"}. In this figure we show that overexpression of Daam2 +Wnt3a ligand (similar conditions were used in Lee, et al. Developmental Cell 2012) did not have a profound effect on Wnt-reporter activity in glioma cell lines. Moreover, we introduced the Wnt-reporter into our mouse model and found that GOF and LOF of manipulations of Daam2 did not affect the number of cells demonstrating high levels Wnt activity. Together, these data indicate that in the context of human and mouse glioma, Daam2 does not robustly influence canonical Wnt-signaling.

> Reviewer \#2:
>
> \[...\] 1) This is not the first study to show an upstream mechanism of VHL regulation in cancer. The authors correctly point out in their Discussion that ID2 has been shown to regulate VHL, there is also a miRNA story in the literature (Li, et al. 2017). Thus while these other observations do not take away from the story here, this point is overstated several times in the text and should be corrected. Likewise, a comment in the Discussion implies that absent of other alterations, it is unclear how VHL function is inactivated in cancer, and the simple answer is tumor hypoxia.

This is an excellent point made by the reviewer and we thank her/him for raising this issue and pointing us to the miRNA paper (Li, et al. 2017). We have made the suggested changes in both the Introduction and Discussion. Please see Introduction, second paragraph and subsection "Regulation of VHL in cancer", first paragraph for the amended text.

> 2\) [Figure 1](#fig1){ref-type="fig"}; high resolution pictures of Daam2 staining that are in the supplemental data should be included in the figure.

We have made the suggested changes and have included the high-resolution images from the supplemental data as suggested. For the sake of simplicity and figure aesthetics, we have swapped the high-resolution images for the lower resolution images from the tissue array. The tissue array images are now in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}.

> 3\) Better descriptions of the two GBM cell lines would be useful. Do these contain similar driver mutations as the mouse models? Also, quantification of the colony assays would be helpful, rather than simply a representative figure. Do the control cells form colonies at all? Given that they form tumors, one would expect so.

This is also an important point and we thank the reviewer for bringing this issue to light. We have quantified the relative number of colonies that form in these assays, please see [Figure 2E](#fig2){ref-type="fig"}. The control cells also form colonies. [Figure 2C-D](#fig2){ref-type="fig"} were taken at the point that Daam2-GOF group has shown colonies while the colonies in the control group is not visible yet.

> 4\) Quantification of IHC for example for CD31 would be more convincing than a single picture.

We agree with the reviewer that quantification is critical for interpreting these results. We have included quantification of all CD31 staining using a recently established imaging method described in Tian, et al. Nature 2017. Please see [Figure 4---figure supplement 3E-F](#fig4s3){ref-type="fig"}, K for these data.

> 5\) HIF elevation in [Figure 4B and K](#fig4){ref-type="fig"} begs the question as to whether HIF target genes are also elevated in cells with altered Daam2.
>
> 6\) Can the authors speculate as to how Daam2 is functioning to facilitate VHL ubiquitylation? Is it an E3 ligase? Is there a domain structure of Daam2 that would support a hypothesis?

We thank the reviewer for bringing this issue to light, as further validation of dysregulated HIF1a target genes can only reinforce our model of Daam2 suppression of VHL function in glioma. Towards this, we performed Western blots on protein lysates extracted from CRISPR-IUE tumors that overexpress Daam2 (and appropriate controls), finding that these tumors exhibit drastic increases in VEGFA and Glut1 protein expression (both are bona fide direct targets of HIF1a). These data can be found in [Figure 4K](#fig4){ref-type="fig"} (see subsection "Daam2 promotes tumorigenesis through VHL", first paragraph)and lend additional support to our model that Daam2 suppresses VHL function.

> Reviewer \#3:
>
> \[...\] A broad body of labor-intensive and technically challenging work is summarized here. The manuscript is well written. The conclusions would, in principle, be of interest to a broad readership in neuro-oncology and in other fields such as tumor metabolism and molecular therapeutics. Unfortunately, some of the data in this manuscript are, at present, inadequate to support the central claims. My concerns are as follows:
>
> 1\) [Figure 2](#fig2){ref-type="fig"}. The claim of this figure is that Daam2 overexpression accelerates the growth of human glioma cell lines. However, the authors do not actually show that Daam2 is overexpressed. They should provide a western blot towards this end. It is actually a bit curious that infection with lentivirus Daam2 has such a pronounced effect since the authors show us (in [Figure 1](#fig1){ref-type="fig"}) that gliomas already have high Daam2.

This is an excellent point raised by the reviewer and an obvious oversight on our part. We have included a representative Western blot demonstrating overexpression of ectopic Flag-tagged Daam2 in the glioma cell lines. Please see [Figure 2F](#fig2){ref-type="fig"}.

Regarding native levels of Daam2 in these cell lines, as shown in [Figure 1A](#fig1){ref-type="fig"} Daam2 demonstrates heterogeneous expression across both human GBM and LGG. We confirmed this in silico observation using tissue microarrays, finding that a significant proportion of GBM and LGG tumors (\~25%) demonstrate very low levels of Daam2 expression ([Figure 1B-C](#fig1){ref-type="fig"}). Next we assessed Daam2 expression via qRT-PCR across a cohort of primary GBM cell lines, finding that amongst the 6 cell lines at our disposal, 2 demonstrated very low expression, 2 had intermediate expression, and 2 had very high expression ([Author response image 4](#respfig4){ref-type="fig"}). Thus, these cell lines also demonstrate heterogeneous expression of Daam2, likely reflecting the nature of its expression in primary tumors from which they were derived. Based on these observations, we chose to perform our studies on GBM lines 1-2 because they have relatively low levels of Daam2 expression, compared to the rest of the cell lines, and therefore gave us the best opportunity to measure the effects of elevated Daam2 in this context.

![qRT-PCR showing relative expression of Daam2 across 6 primary GBM cell lines.](elife-31926-resp-fig4){#respfig4}

> 2\) [Figure 3](#fig3){ref-type="fig"}. An important claim of this figure is that Daam2 loss-of-function impairs growth of human glioma cells. The loss-of-function was achieved via shRNAi-mediated knockdown but there are two problems with the data. First, there is no western blot to show that Daam2 actually was knocked down. Second, there are growing concerns about off-target effects of shRNAi. The authors need a \"rescue\" experiment with Daam2 construct that is immune to their shRNAi to rule out off-target toxicity.

This is also an excellent point raised by the reviewer. We are unable to use Western blotting to measure reductions in Daam2 expression in these cell lines because the antibodies at our disposal are not effective at detecting human or mouse Daam2. Thus, as an alternative measure of Daam2 knockdown, we used qRT-PCR and these data are shown in [Figure 3A](#fig3){ref-type="fig"}.

This is an excellent suggestion, as in this day and age scrambled controls are simply not enough of a control for shRNAi knockdown experiments. We performed rescue experiments using overexpression of mouse Daam2 in the shRNAi-knockdown cell lines. Fortunately for us, the shRNAi sequences that target human Daam2 are sufficiently divergent from the mouse cDNA and we are able to generate robust overexpression of mouse Daam2 in these lines. As shown in [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, overexpression of mouse Daam2 is sufficient to rescue the in vitro proliferation defects caused by shRNAi knockdown of Daam2 in both GBM cell lines. These data indicate that the in vitro growth defects are the result of reduced expression of Daam2 caused by the shRNAi knockdown. We hope that this experiment satisfies the reviewer's request for rescue of the Daam2-shRNAi associated phenotypes in these cell lines.

> 3\) [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}. The central claim of this figure is that angiogenesis, as marked by CD31, is altered in response to Daam2 levels. The immunostain images shown are not convincing. The authors need to quantify these data.

This is a critical point that was also raised by reviewer 2. We have included quantification of all CD31 staining using an established imaging method described in Tian, et al. Nature 2017. Please see [Figure 4---figure supplement 3E-F](#fig4s3){ref-type="fig"}, K for these data.

> 4\) [Figure 5A-B](#fig5){ref-type="fig"}. The central claim of these two figures is that ectopic VHL can overcome the accelerated growth induced by overexpression of Daam2 alone. As per comment \#1 above, we need western blots -- in this case for both VHL and Daam2. It would be interesting to see if the relationship between Daam2 and VHL is symmetric. If high Daam2 suppresses VHL, does high VHL suppress Daam2?

We thank the reviewer for this suggestion, as Western blots are a key component of these experiments. Towards, this we have included Western blots showing ectopic overexpression of Daam2 and VHL in both the human glioma cell lines and the mouse glioma models as well. Please see [Figure 5C](#fig5){ref-type="fig"} and [Figure 5T](#fig5){ref-type="fig"}.

The issue of whether VHL can in turn suppress/degrade Daam2 is a potentially interesting avenue to pursue and we thank the reviewer for making this suggestion. Given that VHL functions as an E3 ligase, it is indeed possible that it reciprocally degrades Daam2. To investigate this we transfected cells with very high levels of Daam2/VHL, added cyclohexamide, and used Western blots to assess the levels of Daam2 expression under these conditions. As shown in [Author response image 5](#respfig5){ref-type="fig"}, while the levels of VHL protein decreased over the 6-hour interval, the levels of Daam2 did not (Flag-Daam2). This suggests that either VHL is not capable of degrading Daam2 or that Daam2 has an extremely long half-life. While it is possible that VHL degrades Daam2, we were unable to detect this phenomenon. Nevertheless, we have addressed this issue in the Discussion, please see subsection "Regulation of VHL in cancer", second paragraph.

![High levels of VHL do not reciprocally degrade Daam2.](elife-31926-resp-fig5){#respfig5}

> 5\) [Figure 6A-D](#fig6){ref-type="fig"}. The central claim of this figure is that Daam2 forms a complex with VHL thereby promoting ubiquitination and degradation of VHL. These are very important mechanistic claims. I have some doubts about these data. These are:
>
> a\) The antibody pulldown experiment needs to be shored up to rule out an adventitious interaction between Daam2 and VHL. Can the pulldown be reversed? Will IP VHL bring down Daam2? Is there any independent evidence of a VHL:Daam2 interaction, e.g. yeast two hybrid trap or proximity ligation assay?

This is a critical point and we thank the reviewer for raising this issue. We have performed the reverse IP and now show that VHL can bring down Daam2, please see [Figure 6A](#fig6){ref-type="fig"}.

Regarding other evidence of Daam2/VHL interaction, we have not performed proximity ligation or a two-hybrid trap. While we agree that additional and independent assays measuring interaction would be ideal, we did not perform these experiments. With that said, we are very careful in the manuscript not to imply a direct interaction between Daam2/VHL because we never prove this. Instead throughout the manuscript we use "associate" to describe the biochemical relationship between Daam2/VHL. We feel that this description best represents our ability to detect co-IP of Daam2/VHL in both directions.

> b\) [Figure 6B, D](#fig6){ref-type="fig"}. The central claim here is that VHL degradation is \"significantly enhanced\" in the presence of Daam2. I disagree with the descriptor of \"significant\". The offset in VHL T~1/2~ (5.08hr vs 3.68hr) might be \"statistically significant\" as the authors state but the overall difference is nuanced and does not seem adequate to account for the striking differential in VHL immunostain as shown in [Figure 4](#fig4){ref-type="fig"}. Author\'s comments?

The reviewer makes a good point about the disconnect between the in vivo observations and the in vitro degradation assays. First, while the offset in VHL half-life may seem nuanced, it is nonetheless statistically significant across multiple replicated experiments. Moreover, in the associated text we describe VHL degradation as "*enhanced*" in the presence of Daam2, which we feel is an apt description of the phenomenon, please see subsection "Daam2 facilitates ubiquitination of VHL protein", last paragraph. With that said, one potential explanation for the disconnect between the in vivo and in vitro observations are the differences in systems. The in vitro assay was performed in 293 cells, while the in vivo observations were made in glioma models. It is possible that 293 cells are missing critical co-factors that participate in this process.

Another consideration is time. In the in vivo systems, Daam2 manipulation occurs across the lifetime of the resultant tumor (approx. 3 weeks for the PB-Ras model and 9-12 weeks for CRISPR-model). In contrast the in vitro experiments, occur across 6 hours. Given these differences in experimental duration, it is possible that we were able to witness more pronounced changes in VHL expression in vivo because these changes had more time to accumulate. In essence what we are witnessing in vivo (and in human tumors as well) is an accumulation of Daam2-mediated degradation over the life of the tumor.

> Overshadowing all of these concerns with the data is a more fundamental question about the role of Daam2 as a non-genetic driver of gliomagenesis. What is the mechanism of leads to high expression of Daam2 in gliomas ([Figure 1](#fig1){ref-type="fig"}). Is Daam2 expressed at hyperphysiologic levels in these tumors or, alternatively, do some gliomas simply arise from Daam2-positive cells? If the latter is true than Daam2 is only permissive for gliomagenesis (along with many other things). If the former is true, then we need to know the mechanism.

This is indeed an important issue that we should address. Our interpretation of this question is the following: Are increases in Daam2 expression in glioma the result of i) active dysregulation or ii) a passive by-product of its expression in a cell lineage that is over-represented in glioma?

Regarding the possibility that Daam2 is actively dysregulated, it's important to point out that we have detected increases in its mRNA levels (see [Figure 1](#fig1){ref-type="fig"}).

This raises the question of how Daam2 mRNA is elevated in these tumors and there are three likely possibilities: 1) direct transcriptional regulation, 2) microRNA regulation, or 3) regulatory links to key glioma drivers.

1\) Regarding direct transcriptional regulation, we have no insight into how Daam2 is transcriptionally regulated. We are currently performing an enhancer screen in the chick spinal cord (similar to Kang, et al. Neuron 2012 and Glasgow, et al. Nature Neuroscience 2017) to identify regulatory elements that can be used as entry points for identifying transcriptional mechanisms that regulate Daam2 during development. These studies are in their nascent stages and it will take a while to have a definitive answer for the developmental mechanism; even longer to apply this mechanism to glioma.

2\) Regarding microRNAs, there is evidence that mir335 can regulate Daam1/2 in neuroblastoma cell lines (Lynch, et al. PLoS One 2013), but whether this mechanism is applicable to glioma remains undefined and is beyond the scope of this study.

3\) Another possibility is that Daam2 mRNA expression is linked in some way to key drivers of glioma that are frequently mutated (i.e. NF1, PTEN, EGFR, PDGFR, p53, Rb, etc.). Leveraging existing databases, we have correlated mutations in these key drivers with levels of Daam2 expression and there are no obvious or strong correlations.

These potential mechanisms are likely contributing, in some way, to Daam2 dysregulation in glioma, however as we have illustrated, deciphering these mechanisms will require a significant amount of work that is beyond the scope of this manuscript. With that said, we have amended the Discussion to include these areas as key future avenues of investigation. Please see subsection "Daam2 stimulates glioma tumorigenesis", last paragraph.

The other possibility we must consider is that elevated Daam2 expression is the result of its expression in cell lineages overrepresented in glioma. Daam2 is expressed in both glial lineages: oligodendrocytes and astrocytes, in both precursor and mature stages of development. Both of these lineages are present in one form or another within the bulk tumor, therefore it is possible that elevated Daam2 expression is the result of analogous cell populations that comprise the primary, bulk tumor. Recently we found that glioma is comprised of non-stem cell, heterogeneous subpopulations of cells that are molecularly analogous to normal astrocyte subpopulations (Lin, et al. Nature Neuroscience 2017). Using the RNA-Seq data generated from these astrocyte subpopulations and their malignant counterparts, we found that Daam2 is uniformly expressed in all astrocyte and glioma subpopulations. These data suggest that, as far as we can tell, Daam2 is not selectively expressed in subpopulations of astrocytes or glioma cells that are overrepresented in glioma.

Another glioma subpopulation worthy of discussion is the glioma stem cell (GSC). We have not assessed Daam2 expression in GSC populations, as the markers that define this population in vivo can be nebulous. Moreover, the glioma stem cell comprises a very small fraction of the bulk tumor (\~5-15%) therefore even if Daam2 was highly expressed in this population it is unlikely to account for the increased expression of Daam2 in glioma.

Despite these limitations, understanding the cellular basis for Daam2 function in glioma is also an important consideration. We have amended the Discussion to include these points as future directions,Please see subsection "Daam2 stimulates glioma tumorigenesis", last paragraph.

[^1]: These authors contributed equally to this work.
